Background: Molluscan shells exhibit a wide diversity of pigmentation patterns and are often used as models for understanding the mechanisms underlying biological pattern formation. Numerous mathematical models have been put forward to describe these patterns, but all rely on assumptions regarding the nature of the pigments and the cells from which they are secreted. We investigated pigmentation and cellular morphology of the mantle (shell-secreting organ) of the tropical abalone, Haliotis asinina, as a crucial step towards understanding the molecular mechanisms of shell patterning in this gastropod mollusc.
Introduction
The shells of molluscs represent a unique example of the emergence of complex patterns during the ontogeny of an organism in which a complete record of developmental processes is preserved. This tractability led to mollusc shell pigmentation being used as one of the first models to explore the potential roles of reaction-diffusion mechanisms in morphogenesis [1] . Although such mechanisms have since been shown to perform key roles during the development of various model species such as Drosophila, chicken, and zebrafish [2] , interpretation of the mechanisms underlying molluscan shell pigmentation is mostly limited to mathematical modeling of hypothetical signaling events [3] [4] [5] [6] [7] [8] [9] . These models assume that pigmentation is controlled by localised excitation and lateral inhibition operating along a 'line' of cells (the mantle edge), however it is not known whether the cells involved in pigment secretion are organized in this manner. Likewise, the identity of the molecules involved in molluscan pigmentation and the interactions between them are unknown.
Underlying the vast phenotypic diversity of mollusc shells is an evolutionarily homologous organ -the mantle. The mantle sits in direct contact with the shell and is thought to be regionalised, in that discrete territories are responsible for the secretion of structurally distinct shell layers [10] [11] [12] [13] . In many molluscs, these consist of a thin outer proteinaceous layer, the periostracum, which overlies one or more consecutive layers of calcium carbonate polymorphs. In bivalves and gastropods, the periostracum is secreted from within an involution of the mantle, termed the 'periostracal groove' , while the other shell layers are secreted from successive regions of the upper (dorsal) mantle epithelium [14] . Molluscs typically lengthen their shells via the addition of new material at a single growing edge and it is here that new pigmentation patterns are established in either the periostracum or within the calcified layers themselves [15] [16] [17] [18] .
An emerging model for the study of the molecular basis of molluscan pigmentation is the juvenile of the tropical abalone, Haliotis asinina. The juvenile shell of this species exhibits a number of pattern elements which include a line of respiratory holes (tremata), alternating red and white patches, and longitudinal raised ridges displaying orange and blue spots when the background is red, and orange spots only when the background is white ( Figure 1A ). These pattern elements are deposited in a predictable manner at the growing shell edge. The shell is composed of an outer prismatic layer and an inner nacreous layer ( Figure 1B) , and is secreted by the underlying mantle, which is divided into two lobes ( Figure 1C ). EST datasets from the juvenile and adult mantles of H. asinina have been sequenced [19, 20] , and proteomic analysis has identified a number of proteins that are incorporated into the adult shell [21] . H. asinina can be reared in large numbers [22, 23] , and is the only mollusc to date for which the spatial expression of a gene has been shown to correlate precisely with shell pattern elements [19] .
Previous morphological studies on the mantle ultrastructure of various abalone species have reported the presence of pigments in tubular structures found in the region of the mantle thought to give rise to the prismatic layer [12, 24] . Similar tubular structures have been found in the mantle of juvenile H. asinina [10] . It has also been reported that, at least for land snails, pigmentation patterns in the mantle match those found upon the shell [25] . These findings hint that shell pigmentation may not be controlled by the simple 'line of cells' that is assumed in the mathematical models, and that the system controlling pigmentation may be significantly more complex. In this paper, we investigate the cellular basis for control of pigmentation patterns in H. asinina, and extend these findings to other gastropod species.
Results and discussion
The prismatic zone of the abalone mantle contains numerous tubules Toluidine blue stained cross sections of the mantle of juvenile H. asinina reveal numerous invaginations of the epithelium that extend into the connective tissue of the mantle (Figure 2A , arrows, [10] ). These invaginations are restricted to a particular zone of the mantle responsible for giving rise to the prismatic layer. This is evidenced by the expression of the gene Sometsuke in this region, and the identification of the Sometsuke protein in the prismatic shell layer [19, 21] , however we note the possibility that elements of the prismatic layer may also be secreted from the periostracal groove [26] . Transmission electron microscopy (TEM) of the tubules shows that a single layer of epithelial cells line a central canal to form a blind-ending tube that opens to the dorsal (shell- Figure 1 The shell and mantle of juvenile H. asinina. A. Dorsal view of shell, anterior to the right. Tremata are indicated by an asterisk. The white arrowhead points to a ridge with orange and blue spots in an area of red background, the black arrowhead points to a ridge on a white background possessing orange spots only. Scale bar = 1 mm. B. Inner surface of the shell depicted in A, anterior to the left. At the shell margin, only the prismatic layer (pr) is visible, whereas the nacreous layer (na) is deposited more centrally. C. Dorsal surface of the animal dissected from the shell, anterior to the right. The mantle is divided into two parts, the right mantle lobe (rml) and the left mantle lobe (lml). The digestive gland (dg) is normally situated within the whorl of the shell. abutting) surface ( Figure 2B ). These cells house numerous vesicles, concentrated towards the apical (canal-bordering) microvillar surface ( Figure 2B,C) . Differing amounts of secreted material can be observed in the canal lumen of individual tubules ( Figure 2D , see supplementary movie in Additional file 1). Due to the structure and secretory nature of these invaginations, this region of the mantle can be described as a tubular exocrine gland [27] . Some tubules were seen to merge before opening to the mantle surface (supplementary movie in Additional file 1).
The tubules are primarily comprised of one cell type, characterised by the presence of numerous electron-lucent vesicles ( Figure 2B ,C,D). It is likely that these vesicles are the source of the secreted material found within the lumen, given the similarity in appearance and the number of vesicles present ( Figure 2D ,E). The cells are connected apically via adherens junctions ( Figure 2E ). Occasionally, a second cell type with homogenous, electron-dense vesicles can be observed within the tubule ( Figure 2C ). These are similar in appearance to the glandular cells described in [10] which can also be found within the non-tubular mantle epithelium of the nacreous zone.
Localisation of pigment within the tubules maps to shell pigment patterns
The tubules contain pigmented granules that can be clearly visualised using light and confocal microscopy. The colour of the pigment in the mantle corresponds (in Figure 2 Ultrastructure of the prismatic zone epithelium. A. Toluidine blue stained cross-section of the juvenile mantle. Epithelial invaginations can be found within the prismatic zone (black arrows). Scale bar = 50 μm, pg; periostracal groove. B. TEM of an invagination (tubule). The lumen of the tubule opens to the dorsal mantle surface (*) and is lined by cells containing numerous vesicles (white arrowheads). The surfaces of these cells are lined with microvilli (mv) that fill the lumen. Scale bar = 20 μm. C. TEM of a cross-section through a tubule. Vesicles are localised towards the apical (lumen-facing) surface of the cell (white arrowheads). A second cell type containing electron-dense vesicles can be observed (glandular cell; g). Scale bar = 5 μm, mv; microvilli. D. TEM of the apical cell surface lining the lumen. Electron lucent vesicles (white arrowhead) are similar in appearance to secretions that can be seen in the lumen (black arrowheads). Scale bar = 1 μm, mv; microvilli, mi; mitochondria. E. TEM of the apical cell surface lining the lumen. Adherens junctions (white arrows) can be observed between adjacent cells. Vesicles (white arrowheads) and secretions (black arrowhead) are also visible. Scale bar = 1 μm, mv; microvilli. most cases) with the most recent colour that has been deposited in the shell, and areas with very little visible pigment correspond to white shell patches ( Figure 3A and B, see in Additional file 2: Figure S1 for other examples).
Where congruence between colours is not observed, it is likely that the mantle is accumulating pigment for the next phase of deposition (e.g., blue pigment in the boxed area in Figure 3B , given the repetitive pattern the corresponding region of the shell, will likely gain a blue spot in the near future). Confocal microscopy reveals that the pigments found within the tubules are autofluorescent, emitting light in the green, red and far-red wavelengths ( Figure 3C ). Higher magnification of the mantle reveals the presence of red, orange and blue pigment ( Figure 3D) , and the fluorescent properties of these different pigments; excitation at 433 nm results in green autofluoresence ( Figure 3E ), likely from the orange pigment, and excitation at 543 nm and 633 nm results in red and far-red autofluoresence ( Figure 3F and 3G) , both likely to be from the blue pigment. Fluorescence of the red pigment was not observed when excited by any of the three laser lines (arrows in Figure 3D-G) . In some cases, more than one pigment can be seen within a single tubule, indicating that the tubules do not exclusively secrete one pigment type ( Figure 3D-G) .
Visualisation of actin filaments in the mantle by phallacidin staining reveals that muscle fibres are predominately oriented perpendicular to the mantle edge ( Figure 4A and C). This suggests that the mantle can be retracted away from the shell edge, but, when relaxed, sits directly flush with it. The paucity of longitudinal musculature indicates little capacity for sideways movement of the mantle, thus the pigmented tubules probably remain in alignment with the same area of the shell edge. Active repositioning of the mantle by sensing the existing shell patterning is therefore unnecessary, at least in this speciessee [5] . This is also supported by the stripes of colour that can be seen in the shell, running parallel to the ridges (Figure 3A) . These stripes likely represent the secretory product of a single tubule or set of tubules, and the colour change visible within a single stripe could reflect a change in pigment production within that particular tubule.
We propose that the pigment first accumulates in vesicles within the cells of the tubule, before being released into the lumen. This is supported by the similarity in appearance of secreted material and the material inside vesicles (Figure 2) , as well as the confocal images in Figure 3F and G, which show intense streaks of fluorescence that are clearly within the lumen of the tubule, as well as fainter, more punctate staining surrounding the lumen, which is likely to reflect intracellular autofluorescent material. The presence of tubules in different states of secretion (empty, accumulating, or secreting) and the variation of pigment observed within the tubules of a single mantle suggests that pigment secretion operates in a modular fashion, i.e., that regulatory elements are acting on an entire tubule, rather than on individual cells. The regulatory mechanism for shell pigmentation is largely thought to be based upon reaction-diffusion events [1, 6, 7] , however it has also been proposed that the stimulus could be neural in nature [5, 9] . As both neural and hormonal stimuli are known to induce vesicle release, we investigated innervation within this region of the mantle. Immunostaining with anti-acetylated tubulin reveals extensive innervation of the mantle, with the majority of nerve fibres terminating in the distal part of the inner fold (i.e., not near the tubules, Figure 4B and D). However, immunostaining with an antibody directed against the FMRFamide neuropeptide shows a large amount of reactivity in the vicinity of the tubules ( Figure 4E ). We were unable to determine if the tubules were directly innervated.
Pigmentation in the abalone shell is localised to the prismatic layer H. asinina is the only mollusc to date for which the expression of a gene has been found to correlate with pigmentation patterns. This gene, Sometsuke, is expressed in regions of the mantle that directly underlie red shell patches [19, 28] . The gene is expressed in the part of the mantle responsible for producing the prismatic layer, and appears to be present in structures that resemble tubules [26] . Based on this expression, and the localisation of pigment-containing tubules to the prismatic mantle zone, we hypothesised that pigment should be deposited within the prismatic shell layer in juvenile H. asinina.
Scanning electron microscopy (SEM) of a broken juvenile shell shows a clear distinction between prismatic (upper) and nacreous (lower) layers, with the prismatic layer having a width of approximately 30 μm ( Figure 5A ). Light microscopy of a broken shell of a juvenile of comparable size clearly shows that the upper prismatic layer contains both red and blue pigments ( Figure 5B ). No pigmentation can be observed in the nacreous layer. Molluscan shells are typically covered by an outer proteinaceous layer, the periostracum, which is secreted from the periostracal groove ( Figure 2A ) and is often pigmented [16] . The periostracum in juvenile H. asinina is extremely thin (see in Additional file 2: Figure S2 for SEM of the shell and periostracum), and likely to not be coloured, given the lack of pigment in cells surrounding the periostracal groove.
It is probable that pigment production is not the only role of tubules. This region of the mantle is thought to be responsible for the secretion of the elements required to construct the prismatic layer, including organic matrix components and, possibly, calcium ions. The localisation of the matrix proteins MSI31 and MSI60 to similar tubular structures of the adult mantle of H. tuberculata [11] indicates that pigment and biomineralisation proteins are co-localised and likely co-produced.
Distribution of tubules in other molluscs
To determine whether tubules are restricted to abalone, we investigated mantle ultrastructure in a false abalone (Stomatella impertusa, Figure 6A ) and a keyhole limpet (Diodora sp., Figure 6B ). The morphology of the false abalone mantle was similar to that of H. asinina ( Figure 6C ), however tubules were not visible in toluidine blue stained sections. Despite this, TEM revealed the presence of microvilli-lined invaginations in a similar region of the mantle in which tubules are found in H. asinina ( Figure 6D ). These invaginations appear more convoluted and less regular than abalone tubules, as are the cells lining the invaginations. These appear to contain fewer vesicles (compare Figure 6E to Figure 2B and C), although secreted material could be found in the lumen of the invagination. The mantle of the keyhole limpet is very different, consisting of three mantle folds ( Figure 6F ). While small infoldings could be found in the epithelium, these were associated with small papillae-like structures ( Figure 6G ), and were clearly distinct from the larger invaginations observed in H. asinina or the false abalone. We conclude that tubules are not restricted to abalone, but are also not universal in gastropod species. Numerous ultrastructural studies have been performed on bivalve mantle (e.g., [13, 29, 30] ), however, to our knowledge, tubular structures have not been reported. We also acknowledge that tubules may not be present throughout all post-larval stages [12] .
Conclusions
In this study we find that, in the juvenile abalone, shell colouration is controlled by the secretion of pigments from tubular structures localised within a region of the mantle that gives rise to the prismatic shell layer. We also find that similar structures can be found in other gastropod species. These findings reveal that pigmentation is controlled not by individual cells, but by numerous cells that secrete products into a common duct, and that the cellular basis of shell pigmentation is more complex than previously appreciated. A complete understanding of shell patterning mechanisms will require identification of the inductive trigger, unravelling of underlying interactions, and the source and identity of the various pigments that are observed.
Methods

Animal collection and husbandry
Spawning and larval culture of juvenile H. asinina was carried out at Heron Island Research Station according to Figure 2B and C), and do not appear to contain electron-lucent vesicles. Despite this, secretions can be observed within the lumen (black arrowhead). Scale bar = 10 μm. F. Toluidine blue stained cross-section of the mantle of the keyhole limpet in B. The location of the shell is indicated by a dotted line. Scale bar = 100 μm. G. TEM of boxed area in F. Some folding of the epithelium is apparent, but these are no deeper than one cell layer. The epithelium is covered with microvilli (mv), and secretions are visible (black arrowhead). Scale bar = 2 μm. the methods previously described [23] . Upon competency (96-108 hours post fertilisation), larvae were settled in a tank containing biofilmed perspex sheets and the articulated coralline algae Amphiroa spp. [31] . After 8 hours, a flow of seawater was provided. Juvenile H. asinina were reared in this tank for 2-4 months prior to transportation to the aquarium facilities in the School of Biological Sciences at the University of Queensland. Juveniles fed on algae naturally growing within the tanks.
Fixation
Prior to fixation animals were relaxed in 1 M MgCl 2 in filtered seawater. Fixation for electron microscopy followed the method of Eisenman and Alfert [32] .
Electron microscopy
Samples were dehydrated in an ethanol series and embedded in EPON 812 resin. Sections were cut at 60 nm using a Leica UC6 ultramicrotome, contrasted with uranyl acetate and lead citrate and viewed in a JEOL JEM 1011 transmission electron microscope at 80 kV. Samples for SEM were mounted on stubs and sputter-coated with gold before viewing in a JEOL JCM 5000 Neoscope at 10 kV. Mantle tissue for 3View analysis was processed according to previously described methods [33] . Samples were imaged in a Zeiss Sigma SEM fitted with a Gatan 3View 2XP system. Chamber pressure was 10 Pa and the accelerating voltage was 2.2 kV. The z-step size was 50 nm and samples were imaged at a magnification of 5000×.
Pigmentation mapping
Juvenile abalone were anesthetised in 1 M MgCl 2 in filtered seawater for 10 min and shells were photographed using a Nikon Digital Sight DS-U1 camera on an Olympus SZX7 dissecting microscope. Mantle tissue was dissected and mounted on slides in Prolong Gold anti-fade reagent (Invitrogen, P36930) containing 5 ng/mL DAPI Nucleic Acid Stain (Invitrogen, D1306). Light microscopy was performed on an Olympus BX60 compound microscope with Nomarski optics. Confocal imaging was performed using a Zeiss LSM 510 META Confocal Microscope. In order to capture the entire mantle, multiple confocal (single plane) and light microscopy images were taken using the same settings for each individual, and were stitched together manually in Adobe Photoshop CS2. Any brightness or contrast adjustments were applied to the entire image after stitching.
Histology and Immunohistochemistry
Sectioning and toluidine blue staining were performed as previously described [10] .
For phallacidin staining, fixed juveniles stored in PBTw (1× PBS, 0.1% Tween 20) were decalcified by incubation in 1× PBS, 4% paraformaldehyde and 350 mM EDTA for 2 h, after which the remaining organic shell remnants were dissected away. Samples were permeabilised in 0.2% PBTx (1× PBS, 0.2% Triton X) for 1 h at room temperature (RT) prior to incubation in a 1:40 dilution (of 6.6 μM stock) BODIPY FL-Phallicidin (Invitrogen, B607) for 1 h at RT, and then washed twice in 1x PBS.
For immunohistochemistry, juveniles were decalcified as described above and then permeabilised by four 30 min washes in 0.2% PBTx. Blocking was performed in 1× PBS, 0.1% Triton X and 0.2% BSA for 2 h. Samples were then incubated in a 1:500 dilution of Anti-Acetylated Tubulin (Sigma, T7451, mouse) or a 1:250 dilution of Anti-FMRFamide (Abcam, ab10352, rabbit) in blocking solution for 12-24 h at 4°C. Four 30 min washes in 0.1% PBTx were then performed prior to incubation in secondary antibodies (Alexa Fluor 488-conjugated goat anti-mouse, Invitrogen A11001, or Alexa Fluor 488-conjugated donkey anti-rabbit, Invitrogen A21206) for 12-24 h at 4°C. This was followed by another four 30 min washes in 0.1% PBTx.
Stained mantle tissue was dissected and mounted as above.
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